A
TTEMPTS to develop long-haul transmission at 40 Gb/s have focused on combating intrachannel nonlinearities, which limit system performance and reach. For this reason, alternatives to the nonreturn-to-zero (NRZ) modulation format are being considered [1] , [2] . It is known that return-to-zero (RZ) modulation formats can improve performance and can tolerate higher power per channel [3] . However, even better results have been obtained recently with different forms of phase-shift keying (PSK) modulation [4] - [6] . To compete with PSK signaling at high bit rates, amplitude-shift keying (ASK) modulation formats require means of suppressing nonlinear interaction between overlapping pulses.
In this paper, we present the requirements for phase modulation in RZ-type formats that suppress ghost-pulse generation due to single-channel four-wave mixing (sFWM). sFWM is a consequence of nonlinear interaction when two or three pulses overlap in time. It results in amplitude jitter in "ones" and ghost-pulse generation in "zero" slots. We show that the single-channel performance improves when the modulation formats satisfy special phase relationships.
The physical interpretation originates in the nonlinear Schrödinger equation: (1) where is the electric field, is the fiber loss, is the groupvelocity dispersion, and is the nonlinearity coefficient. We present the electric field in the form , where denotes the signal pulse centered at , is an integer, is the bit interval, and is perturbation due to sFWM. Substituting this field into (1), and assuming that , we find the linear equation that describes the evolution of nonlinear perturbation in the particular bit slot where the driving term is a sum over identical pulses , , and centered at , , and , respectively. Equation (2) describes three-pulse interaction if the indexes are different and two-pulse interactions if . In general, for each bit slot, the sum in (2) must be taken over many overlapping pulses; however, it has been shown that the effect of distant neighbors decreases rapidly with increasing time separation [7] , [9] ; therefore, we only consider the interaction of closest neighbors in the remainder of our analysis.
In RZ transmission without phase modulation, all pulses are in phase so that the driving terms in the left-hand side of (2) add up coherently, producing maximal (to the lowest order) disturbance. When the phase modulation is imposed on the RZ signal, several situations can occur.
1. Carrier-suppressed RZ (CSRZ) changes the phase of the signal in each bit slot, regardless of the presence of logical "ones" or "zeros" in the sequence. slot and leads to the generation of ghost pulses. The symmetry of the phase alternation produced by CSRZ still keeps the strongest driving terms (produced by two closest neighbors on each side) in (2) in phase for both three-and two-pulse interactions.
2.
Modified duobinary transmission, on the other hand, is inherently asymmetric. This modulation format is characterized by phase inversion in the pulses triggered by the presence of a logical "one" in the previous bit slot. Thus, any two-or three-pulse interaction terms in (2) involving the two closest neighbors from one side of the particular bit slot occupied by logical "zero" has a mirror interaction terms involving two closest neighbors from opposite sides of the bit slot with opposite phase. Algebraic phase summation produces ghost pulses with opposite phases in the same bit slot and cancels the nonlinear interaction, as shown in Fig. 2 (a) (top) and 2(b) (bottom). 3.
In standard duobinary signaling, the phase change in logical "ones" is triggered by the presence of logical "zero" in the bit sequence. Thus, the phase pattern of two "ones" at each side of the logical "zero" also becomes antisymmetric so that both three-and two-pulse interaction terms from both sides of the bit slot containing logical "zeros" cancel each other, similar to modified duobinary transmission. This effect was discovered independently by Liu et al. [8] . To confirm the principle of phase cancellation, numerical simulations have been carried out. The transmitter consists of a standard NRZ signal generator plus an additional Mach-Zehnder (MZ) modulator to produce RZ-type signal modulation. RZ33 pulses with 33% duty cycles were obtained by driving the MZ at one-half the bit-rate clock frequency. CSRZ with 66% duty cycle was obtained by driving the MZ at one-half the clock frequency with voltage swing between 0 and V . Doubinary signal modulation was obtained by using precoding together with an add and delay circuit.
Both doubinary and modified duobinary formats are partial response signals; therefore, they require detection of two bits for reconstructing the logical sequence without error propagation. Alternating mark inversion (AMI) modulation format has been proposed recently [1] for lightwave transmission systems as an alternative to modified doubinary signal modulation. Indeed, it preserves the antisymmetry of the phase modulation; however, it does not require any precoding or postcoding of the signal. An AMI transmitter may consist of an NRZ signal generator and a logical circuit that inverts the phase in every other logical "one," regardless of the number of the separating bits.
The pulses were transmitted through a single-fiber 40-Gb/s transmission line consisting of ten pairs of 100-km spans of standard single-mode fiber (SMF) with a positive dispersion of 17 ps/nm/km followed by a dispersion-compensation module (DCM). The DCM included dual-stage amplification with a 3-dB noise figure erbium-doped fiber amplifier (EDFA) and 11-dB and 22-dB gain in the two stages. A low noise level was chosen to emphasize the impact of nonlinearities, and the amplifier gain was kept constant at all launch powers. The residual dispersion per compensated span was optimized for each modulation format and power level with a typical value of about 220 ps/nm. The attenuation of the standard SMF was 0.235 dB/km and the insertion loss of the DCM was 8.5 dB. The dispersion-managed fiber (DMF) 40-Gb/s transmission line consists of ten 100-km spans (30 km D, 40 km D, 30 km D), where the positive dispersion fiber had 19 ps/nm/km dispersion with 0.225-dB/km attenuation, and the negative dispersion fiber had 28-ps/nm/km dispersion with a 0.275-dB/km attenuation. The single-stage amplification was applied after each span, and the EDFA noise figure was approximately 3 dB with a 24.5-dB gain at all launch powers. Electrical and optical Bessel filters of fifth and third orders, respectively, were used at the direct-detection receiver. Their bandwidths were optimized for each modulation format. An additional interferometer with a 1-b delay circuit was added to model the single-arm differential phase-shift keying (DPSK) receiver. Numerical simulations of nonlinear Schrödinger equation were carried out using pseudorandom bit sequences of 1024 bits.
The results plotted in Fig. 3(a) and (b) for the single fiber and DMF systems, respectively, show the ability of AMI to tolerate higher powers than other types of RZ modulation. In the linear regime (lower power), the formats with larger eye openings (smaller duty cycles) have an advantage. At higher power, AMI outperforms DPSK in both DMF and standard SMF by about 0.4 dB . The superior performance of AMI is due to suppression of ghost pulses, which limit the transmission in the fibers with high local dispersion [4] , [7] . Fig. 4(a) and (b) shows the dependence of "zero" current and "zero" current variance, respectively, for three modulation formats. There is a dramatic increase in the values for CSRZ and RZ33 when the power per channel approaches the linear limit (linear limit = saturation point in the dependence of on power per channel), while both and for AMI remain constant. The eye diagrams (not shown) confirm this interpretation. In addition, the values of timing jitter and pulse amplitude fluctuations for AMI pulses are higher than for RZ or CSRZ pulses due to the larger duty cycle of the former format. This can be considered as a recipe for further increases in the AMI advantage over other RZ formats if viable ways of generating a smaller duty cycle AMI are found.
In conclusion, we have outlined the phase requirements that are necessary for ghost-pulse suppression in high-bit-rate RZ-type format transmission. We show numerically that modulation formats with phase modulation satisfying this criterion provide significantly better performance in single-fiber and dispersion-managed 40-Gb/s fiber-optic systems. 
